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1. Introduction
Polymers with a thermally stimulated volume
phase transition like poly(N-isopropylacrylamide)
(PNiPAAm) [1] and NiPAAm containing copoly-
mers can be prepared on solid surfaces by various
techniques [2–6]. The resulting coatings respond
with swelling and collapsing to small changes in
the environmental temperature and can be used as
cell culture carriers for harvesting cells and cell
sheets without enzymatic or mechanical treatments
[7–10].
Vascular endothelial cells receive a lot of attention
in tissue engineering strategies as they mediate the
interaction of flowing blood with other tissues [11].
Control of endothelial cell adhesion and growth is
therefore considered crucial for safety and perform-
ance of implants in the cardiovascular system such
as vascular grafts or stents. However, endothelial-
ization  in vivo often fails and pre-seeding of
implants in vitro is applied according to various
schemes [12, 13]. However, even the time-consum-
ing procedure of growing endothelial cell linings
directly on the implant is limited because of the
lack of the characteristic functional structure of nat-
ural vasculature combining layers of smooth mus-
cle cells and endothelial cells [14–17]. To this end,
the preparation and subsequent alignment of cell
sheets may provide interesting options: Pre-fabri-
cated endothelial cell layers may be deposited on
top of smooth muscle cell linings on – degradable
or nondegadable – biomaterials and, by that, form a
functional structure closely resembling vascular tis-
sue. A defined procedure for the harvesting of
endothelial cell sheets is an essential requirement
for the implementation of this strategy.
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Abstract. The technique of gently harvesting cells and cell sheets using stimuli-responsive cell culture carriers was applied
to human umbilical vein cord endothelial cells (HUVEC). To meet the particular requirements of this demanding cell type,
a copolymer consisting of N-isopropylacrylamide and diethyleneglycol methacrylate (poly(NiPAAm-co-DEGMA)) was
combined with a fine-tuned protein pre-coating. Using this approach the detachment of HUVEC sheets was studied. Fur-
thermore, the behavior of the extracellular matrix upon cell detachment was followed by protein staining. The results
demonstrate the feasibility of harvesting HUVEC sheets from stimuli-responsive polymer layers and provide valuable
options for the advanced engineering of vascular structures.
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DOI: 10.3144/expresspolymlett.2007.90In the literature there are several reports on cultiva-
tion and detachment of endothelial cells from
thermo-responsive carriers [18–21]. Copolymeriza-
tion of NiPAAm with a hydrophobic comonomer
(n-butyl methacrylate) [19] was shown to be an
effective approach for adjusting the substrate prop-
erties. The main objective of the work presented
here is another route to adapt the technique of
thermo-responsive cell culture carriers to the par-
ticular requirements of human endothelial cells.
Towards this goal, the physico-chemical properties
were adjusted by combining a hydrophilic ethylene
glycol containing comonomer with a fine-tuned
pre-coating of fibronectin.
Cell culture carriers based on a statistical copoly-
mer consisting of N-isopropylacrylamide and dieth-
yleneglycol methacrylate (poly(NiPAAm-co-
DEGMA)) [22] were prepared by plasma immobi-
lization [23–26]. This technique allows to immobi-
lize polymer films with a thickness of a few
nanometers onto polymeric substrates like Teflon
AF [27] by low pressure plasma treatment. At
appropriate parameters covalent fixation is achieved
while important properties like the thermorespon-
sive swelling and collapsing of polymer chains are
preserved.
Ethylene glycol containing comonomers increase
the phase transition temperature compared to the
NiPAAm homopolymer [28]. Though this effect is
rather small for poly(NiPAAm-co-DEGMA), the
hydrophilic character of the diethylene glycol
group improves cell detachment [10] and allows a
more gentle handling of cell sheets upon harvest.
2. Experimental
2.1. Materials
Teflon AF1600™ solution (6% wt/wt) [27] was
purchased from DuPont. Teflon AF is an amor-
phous copolymer based on 2,2 bistrifluoromethyl-
4,5-difluoro-1,3-dioxole and tetrafluoroethylene.
FC75, a fluorocarbon solvent for Teflon AF, was
obtained from 3M.
Poly(NiPAAm-co-DEGMA) (Mn 40 000 g·mol–1,
Mw 130 000 g·mol–1, polydispersity ~3 by GPC),
was synthesized by free radical polymerization.
The ratio of the comonomers in the copolymer is
99.2:0.8 (NiPAAm:DEGMA) [22] (Figure 1).
For fibronectin (FN) immunostaining primary anti-
body anti FN rabbit (US Biological, Swampscott,
Massachusetts) and secondary antibodies anti FN
rabbit (Jackson Immuno Research Laboratories,
West Grove, PA) were used.
2.2. Teflon AF substrate preparation and
hydrogel coating
Thin films of Teflon AF were prepared by spin
coating on microscopy cover slips (24×24 mm2)
and on silicon wafers (15×20 mm2, oxide thickness
30 nm, for ellipsometry). For that purpose, the
Teflon AF solution as received was further diluted
using FC75 to obtain a 1% wt/wt solution. After
spin coating (maximum speed 3000 rpm, accelera-
tion 3000 rpm·s–1, 30 s), the Teflon AF films with a
thickness of about 50 nm were annealed for 10 min-
utes at 110°C. Subsequently, poly(NiPAAm-co-
DEGMA) was prepared on Teflon AF substrates
by spin coating (maximum speed 5000 rpm, accel-
eration 5000 rpm·s–1, 30 s) from a 0.25% wt/wt
solution in chloroform (99.8%, Fluka). Teflon AF
surfaces were pre-treated in argon plasma as
described below for 120 s to obtain an appropriate
wetting behavior.
2.3. Plasma immobilization
Poly(NiPAAm-co-DEGMA) thin films were immo-
bilized using  low pressure argon plasma. The
plasma treatment was carried out in a computer
controlled MicroSys apparatus by Roth & Rau
(Wüstenbrand, Germany). The cylindrical vacuum
chamber, made of stainless steel, has a diameter of
350 mm and a height of 350 mm. The base pressure
obtained with a turbomolecular pump was
<10–7 mbar. On the top of the chamber a 2.46 GHz
electron cyclotron resonance (ECR) plasma source
RR160 by Roth & Rau with a diameter of 160 mm
and a maximum power of 800 W was mounted.
Argon (99.999%, Messer Griesheim) was intro-
duced into the active volume of the plasma source
via a gas flow control system. When the plasma
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Figure 1. Structure of poly(NiPAAm-co-DEGMA)source was on, the pressure was measured by a
capacitive vacuum gauge. The samples were intro-
duced by a load-lock-system and placed on a
grounded aluminum holder near the center of the
chamber. The distance between the sample and the
excitation volume of the plasma source was about
200 mm. For the experiments of this work the fol-
lowing parameters were used: effective power
120 W, argon gas flow 38 sccm, pressure
8·10–3 mbar, treatment time 10 s. After plasma
treatment, the samples were rinsed in chloroform
(99.8%, Fluka) for 1 h at room temperature and
dried under vacuum.
To fabricate thermo-responsive cell culture carriers
with lateral microstructures, the masking technique
described in detail in [29] was used. Briefly, argon
plasma treatment of a spin-coated poly(NiPAAm-
co-DEGMA) film was performed as described
above with the sample covered by a transmission
electron microscopy grid. The grid protected the
copolymer layer underneath from plasma exposure
which left this part soluble while the exposed part
of the film was bonded to the Teflon AF surface.
By rinsing with chloroform, the copolymer could
be removed completely from the covered part leav-
ing behind a microstructure.
2.4. Spectrosopic ellipsometry
Ellipsometric measurements were performed using
a variable angle multiwavelength ellipsometer 
M-2000VI (J. A. Woollam Co., Inc.). It is a Diode
Array Rotating Compensator Ellipsometer
(DARCE™) in polarizer-compensator-sample-ana-
lyzer configuration equipped with an automatic
computer-controlled goniometer and a horizontally
mounted sample stage. The light source is a 50 W
mercury lamp. For a given angle of incidence, the
M-2000VI measures 500 wavelengths simultane-
ously covering the spectral range from 370–
1700 nm. Accurate measurements over the full
Δ and Ψ range were acquired (Δ = 0°–360°; Ψ =
0°–90°).
In case of dry samples, values from three angles of
incidence, 65°, 70° and 75° were acquired. To
investigate swollen hydrogel layers, a solid-liquid
cell (angle of incidence 68°) with de-ionized water
(pH 6.5) was used. For the variation of temperature
with a rate of 1 K·min–1, a computer controlled
heating device for the solid-liquid cell was used.
To calculate the thickness and the optical properties
of the polymer films under investigation, fit proce-
dures based on optical multi-layer models were
applied to the the ellipsometric data.
2.5. Cell cultivation
L929 mouse fibroblasts were obtained from
DSMZ, Braunschweig, Germany and cultivated at
37°C, 5% CO2 and 95% relative air moisture using
RPMI medium (RPMI 1640; Pan Biotech GmbH,
Aidenbach, Germany) containing 10% fetal calf
serum (FCS) and antibiotics.
Human endothelial cells from umbilical cord vein
were collected according to the procedure sug-
gested by Weis et al. [30]. Cells were grown at
37°C, 5% CO2 and 95% relative air moisture on
T25 culture dishes pre-coated with fibronectin
(20 µg·ml–1 in phosphate buffered saline, PBS,
30 min at 37°C) using endothelial cell growth
medium (Promocell, Heidelberg, Germany) con-
taining 2% FCS with supplement mix.
L929 mouse fibroblasts and HUVEC were har-
vested by trypsination and applied to the
poly(NiPAAm-co-DEGMA) substrates. The sub-
strates were allowed to swell for 24 hours at room
temperature in PBS and subsequently conditioned
at 37°C. In case of HUVEC a pre-coating with
fibronectin (5 µg·ml–1 in PBS; 30 min at 37°C) was
applied. Subsequently, the solution was exchanged
with the tempered cell culture medium. After a
period of 30 minutes cells were seeded with a den-
sity of 1.5·105 cells per cm2 while keeping the tem-
perature at 37°C. The cultivation was proceeded
until confluence was reached.
2.6. Imaging techniques
Microscopy images were obtained with an
Axiovert 200 microscope by Zeiss. The microscope
was equipped with a special incubator that allows
cell cultivation (37°C, air stream supplemented
with 5% CO2) and temperature variation while
images are taken with a digital camera (AxioCam
Colour). Axio Vision 3.1 software was used for
image processing.
Fluorescence micrcroscopy images were obtained
with an inverse fluorescence microscope Leica
DMIRE2 equipped with a 40× oil immersion objec-
tive. Improvision 4.03 software was used for image
processing.
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paraformaldehyde (Fluka) in PBS for 10 min and
subsequently permeabilized with 0.5% Triton® 
X-100 (Fluka) in PBS for 10 min. Samples were
stained with the primary and secondary antibodies
(dilution 1:100 and 1:50 in PBS, retention time
45 min and 30 min respectively). After every step
the samples were rinsed twice in PBS.
3. Results and discussion
3.1. Characterization of the thermo-
responsive cell culture carriers
To study the multilayer polymer system, the optical
properties of Teflon AF and poly(NiPAAm-co-
DEGMA) were determined. For that purpose thin
films on silicon wafers were investigated by spec-
troscopic ellipsometry. Data sets were evaluated
using a fit procedure based on an optical model
consisting of the bulk silicon, the silicon oxide
layer, and the respective polymer layer. Both poly-
mers were found to be transparent, i. e., no absorp-
tion occurs in the wavelength range investigated
(k = 0). The wavelength dependence of the refrac-
tive index was fitted using a two-parameter Cauchy
equation (1):
(1)
where n: refractive index, λ: wavelength, An, Bn:
Cauchy parameters [31]. The best fit of ellipsomet-
ric data provided An = 1.32 and Bn ≤ 0.002 for
Teflon AF and An = 1.46 and Bn ≤ 0.005 for dry
poly (NiPAAm-co-DEGMA) [10].
In the next step poly(NiPAAm-co-DEGMA) thin
films covalently fixed by plasma immobilization on
Teflon AF coated silicon substrates were immersed
in distilled water at room temperature overnight
and heated above the phase transition temperature.
Subsequently, the temperature was decreased and
increased repeatedly while the thickness and the
effective refractive index of the swelling and col-
lapsing hydrogel layer were monitored by spectro-
scopic ellipsometry. Above the phase transition
temperature, constant values slightly higher than
the dry film thickness were observed while an
almost linear increase was found towards lower
temperature values (Figure 2). The reversible
switching has a amplitude of approximately 40 nm
corresponding to a swelling ratio of about 3 with
respect to the collapsed state of the poly(NiPAAm-
co-DEGMA) film. For the heating/cooling rate of
1 K·min–1 there is no significant hysteresis effect.
3.2. Cell detachment experiments
Experiments with L929 mouse fibroblasts, a simple
and well-known cell line, were carried out on
poly(NiPAAm-co-DEGMA) to ensure the compa-
rability with previous studies on different thermo-
responsive materials [9, 10]. At 37°C cells adhere,
spread, proliferate and reach confluence after 48 h
(Figure 3 left) as observed on standard T25 cell cul-
ture dishes.
After temperature decrease to 23°C cells detach
within a few minutes as a single sheet without
enzymatic or mechanical treatment. In Figure 3
(right) the L929 layer retracts from the upper right
to the lower left corner with no cells leaving behind
on the thermo-responsive surface.
In the next step HUVECs were investigated. After
seeding the cells and standard cultivation at 37°C
for 48 h only single cells or small aggregates
adhered to the copolymer surface. Cells did not
show their characteristic morphology and did not
form a confluent layer. To ensure initial cell adhe-
sion and spreading, the collapsed thermo-respon-
sive substrates were exposed to a fibronectin
solution at 37°C for 30 min. The concentration was
varied from 3 µg·ml–1 to 20 µg·ml–1. An appropri-
ate balance between initial cell adhesion and subse-
quent temperature driven cell detachment was
found for a fibronectin concentration of 5 µg·ml–1.
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Figure 2. Reversible temperature dependent swelling
behavior of poly(NiPAAm-co-DEGMA) thin
films in water (circles cooling, triangles heating)Figure 4 shows a typical HUVEC detachment
experiment on a pre-coated poly(NiPAAm-co-
DEGMA) substrate. For standard cultivation at
37°C on the FN exposed thermo-responsive carrier
cells reach confluence after 20 h and show their
characteristic cobblestone-like morphology (left).
After temperature decrease to 23°C cells detach
within a few hours as a single sheet (right). As in
the case of L929 no cells are left behind on the
swollen thermo-responsive substrate.
3.3. Protein staining experiments
Unraveling the fate of proteins of the extracellular
matrix (ECM) on a thermo-responsive cell culture
carrier during cell harvesting is a key to understand
the mechanism of cell detachment [32]. Accord-
ingly, the allocation of fibronectin as a major com-
ponent of the ECM was investigated by immuno-
fluorescence. For that purpose a substrate with
lateral structures in the order of several 100 µm
(i. e. well above the dimension of a single cell) of
poly(NiPAAm-co-DEGMA) was employed [29].
This allows a direct comparison of the cell behav-
iour on adhesive uncoated areas with thermo-
responsive areas in the same image (Figure 5).
A HUVEC layer grown at standard cultivation at
37°C (left) was cooled down below the phase tran-
sition temperature. Cells adhering on poly
(NiPAAm-co-DEGMA) coated areas detached as
described above (center). Subsequently, the lateral
distribution of fibronectin was visualized by
immunostaining (right). While in the adhesive areas
cells and ECM are clearly visible, no fibronectin
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Figure 3. L929 mouse fibroblast detachment from a poly(NiPAAm-co-DEGMA) substrate: Microscopy images
(873×691 µm2) after standard cultivation at 37°C (left) and after temperature decrease (right)
Figure 4. HUVEC detachment from a poly(NiPAAm-co-DEGMA) substrate: Microscopy images (512×441 µm2) after
standard cultivation at 37°C (left) and after temperature decrease (right)appears in areas that had been occupied by cells
before. This agrees well with results from other
studies [20, 21, 33] showing that hardly any ECM
remained on the surface of thermo-responsive cell
culture carriers after cell detachment. This is an
indication, that the ECM is removed together with
endothelial cells providing coherence of the har-
vested cell sheets.
4. Conclusions
The technique of harvesting cells and cell sheets
without enzymatic treatments using thermo-respon-
sive cell culture carriers was applied to human
endothelial cells. To meet the requirements of this
cell type the physico-chemical properties of the
thermo-responsive carriers were adjusted. Poly
(NiPAAm-co-DEGMA), a polyethylene glycol
containing hydrogel, was identified to provide an
appropriate switching behaviour. The repeated
swelling and collapsing of the material was charac-
terized quantitatively by spectroscopic ellipsome-
try. A fine-tuned fibronectin pre-coating of the col-
lapsed hydrogel surface ensures the initial adhesion
and spreading of HUVEC. After reaching conflu-
ence, HUVEC sheets were detached successfully
by decreasing the temperature to 23°C. Immunos-
taining experiments prove the detachment of the
extracellular matrix together with the cell sheet.
The reported results demonstrate the applicability
of temperature-driven cell sheet harvesting to
human endothelial cells grown in culture. As this
cell type is of highest interest in the engineering of
vascular structures future activities may utilize this
approach for the design of advanced multilayered
graft substitutes consisting of degradable biomate-
rials, smooth muscle cells and endothelial cells.
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